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This study reports a simple empirical correlation for friction factor and Nusselt
number for laminar, steady-state, hydraulically and thermally fully developed flow
in isothermalparallel plate channel completely filled with porousmedia. The study
is carried out using a finite difference numerical analysis. The Darcy-Brink-
man-Forchheimermodelisusedtomodeltheflowinsidetheporousmedia.Theem-
pirical correlations are developed to relate friction factor and Nusselt number to
Darcy and Forchheimer coefficient.
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Introduction
Heattransferenhancement strategyhasbeen used forvarious typesofindustrial appli-
cations such as shell-and-tube type heat exchangers, electronic cooling devices, thermal regen-
erators, and internal cooling of gas turbine blades. Enhancing the internal cooling of the chan-
nels is achieved by different augmentation techniques such as jet impingement [1], porous
inserts [2], roughness elements [3], ribs, baffles [4], porous fins [5], or two-phase cooling [6].
Heat exchanger industries are seeking more compact and more cost-effective heat exchanger
manufacturingtechniques [7],whichleadthewaytouseporousfinstoaugmentheattransfer[8,
9].
Carman[10] andCollins [11] have investigated thefluid flowthrough porous material
usingDarcy'slaw.BeaversandJoseph[12]firstinvestigated thefluidmechanicsattheinterface
betweenafluidlayerandaporousmediumoveraflatplate.Closed-formanalyticalsolutionsfor
forcedconvection inparallel-plate ductsandincircularpipespartiallyfilledwithporousmateri-
als were obtained by Poulikakos and Kazmierczak [13] for constant wall heat flux. Poulikakos
and Renken [14] presented the numerical results computed for a constant wall temperature and
completelyfilled ducts. Vafaiand Thiyagaraja [15] obtained an analytical approximate solution
for the sameproblem based on matched asymptotic expansions for the velocity and temperature
distributions. Later on, Vafai and Kim [16] presented an exact solution for the same problem.
The problem of forced convection in channels partially filled with porous media was numeri-
cally investigated by Jang and Chen [17] using Darcy-Brinkman-Forchheimer model.
ImplementingDarcy-Brinkmanmodel,analytical solutions wereobtained byChikh et
al.[18]fortheproblemofforcedconvection inanannularductpartiallyfilledwithaporousme-
dium. The same problem was investigated numerically by the same group based on the
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* Author's e-mail: mohammadH@uaeu.ac.aeDarcy-Brinkman-Forchheimer model [19]. The transient behavior of a flow inside a paral-
lel-platechannelpartiallyfilledwithporousmediawasinvestigated byAl-NimrandAlkam[20,
21].
Several experimental and numerical studies have been conducted to provide a deeper
understanding of the transport mechanismof the momentumand the heat transfer in porous me-
dia.HwangandChao[22]showedthatthesmallersizeofporedensitycandecreasetheentrance
length and increase the local Nusselt number in their packed bed experiment using sintered ma-
terial. They introduced two-equation model to overcome heat transfer over prediction of con-
ventional one equation model and showed the existence of non-equilibrium thermal condition
between the fluid and the solid matrix. Kimet al. [23] experimentally investigated an asymmet-
ricallyheated packed bedfilled withfoammaterials. Kimetal.[23]have developed correlation
equations for friction factor and Nusselt number for different foam materials as function of
Darcy number, Reynolds number, and Prandtl number. Recently, Huang et al. [24] experimen-
tally and numerically showed that heat augmentation can be achieved by inserting porous me-
dium in the core of the flow. Similar finding was reported earlier by Hamdan et al. [25] where
numerical analysis of laminar flow between two constant temperature parallel plates shows en-
hancement in heat transfer by inserting porous substrate in the core of the flow. Rachedi and
Chikh [26] numerically studied forced convection cooling in the presence of porous inserts in
electronic devices. Results showed that the temperature dropped down by half. The effect of
shape and location of porous insert is investigated numerically by Teamah et al. [27] to identify
the parameters that can offer higher heat transfer with minimum pressure drop. Teamah et al.
[27]reportedtheeffectoftheporousinsertthickness andDarcynumberonthevelocityprofiles,
the local Nusselt number, the average Nusselt number, and the pressure drop.
From literature, the availability of general correlation for calculating friction factor
and Nusselt numberislimitedto specific materialsuch aluminummetalfoam[23]. Inthis work,
the author intention is to produce general empirical correlations describing the thermal perfor-
mance via porous media. Such empirical correlations are highly desirable by applied engineers.
The present numerical study reports the impact of different dimensionless parameters such as
Darcy, Forchheimer, Reynolds, and relative thermal conductivity for steady-state fully devel-
oped laminar flow in isothermal parallel-plate channels filled with porous media. Darcy-Brink-
man-Forchheimer model is used to describe the flow inside the porous domain.
Mathematical model
A schematic diagram for the problem under consideration is shown in fig. 1. The fig-
ure presents a 2-D isothermal parallel-plate channel with porous media sandwished between
two parallel plates. A steady-state flow enters the channel with a uniform velocity distribution,
Ui,constanttemperature,Ti,andconstantpressurePi.TheForchheimer-Brinkman-Darcymodel
is adopted assuming laminar, single-phase, boundary layer flow with no internal heat genera-
tion,andneglecting viscousdissipation andaxialconduction. Also,itisassumedthattheporous
medium is homogeneous, isotropic, consolidated, saturated with fluid, with invariant thermal
properties, and chemically stable. The fluid is homogeneous, incompressible, and in-local ther-
malequilibrium with the solid matrix.Onthe basis of the dimensionless parametersgiven in the
nomenclature, the equations of continuity, momentum, energy, and integral continuity for flow
inside porous domains, reduce to the following dimensionless equations:
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Theequations inthisproblemarenon-linear
partial differential equations. These equation
aresecondorderinY-directionandfirstorderin
the X-direction and hence two boundary condi-
tions in Y-direction are defined for each vari-
able U, V, and q. While one boundary condition
is defined in X-direction for each variable U, V,
q, and P.
In eq. 2, the diffusion termin axial direction
is neglected following the boundary layer ap-
proximationforthedeveloping regionwhichiscanceled inthefullydeveloped regionduetothe
fully developed velocity profile. In eq. 3, axial conduction is neglected. Axial conduction, usu-
ally,isneglected iftheconventional Pecletnumberislargerthan10[28].Whentheratioofpore
diameter to channel width is of the order of 0.01, it implies that axial conduction may be ne-
glected if the modified Peclet number, Pe*, is of order larger than 0.1 [28].
The momentum equation has the following boundary conditions:
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The energy equation has the following boundary conditions:
At and
For and
For and
w
XY B
XY
XY B
  


00 0
00 1
0
1 ,,
,,
,
q
q
, qw 1
The friction factor, and the local Nusselt number are defined as:
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Numerical solution
Thegoverning differential equations aretransformedinto thecorresponding finite dif-
ferenceequations andareapplied toa2-Duniformgrid.The2-Dofthegridunderconsideration
simulate the axial and the transverse variables. The non-linear terms in momentum equation
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Figure 1. A schematic diagram of the problem
under considerationwere linearized using the lagging technique by Hoffman and Frankel [29]. Following [29], the
linearized implicit finite difference equations are derived using a second-order central differ-
ence scheme for the transverse derivatives, and first-order backward scheme for the axial deriv-
atives. The convergence analysis of the present numerical scheme has been performed, and it is
foundthatthederivedfinitedifferenceequations resembleaconsistent representation ofthedif-
ferential equations, and yet, the solution is unconditionally stable (i. e. the solution is available
and approach true solution for any value of DX  0 and DY  0). The linearized momentumfi-
nite difference equations, together with the boundary conditions, are transformed to a set of al-
gebraic equations.
Table 1. Grid independent study by changing mesh size [m]×[n]. The table shows the Nusselt number in
the developing region at X = 0.1 and Re = 200 for Da = 0.01 and A = 0.01
DX 0.001 0.0001 0.00005
[m] 200 2000 4000
DY [n]
0.02 50 18.8124 18.8449 18.8467
0.01 100 19.048 19.1402 19.1456
0.005 200 19.1199 19.2599 19.2687
The finite difference energy equations are transformed to tridiagonal set of algebraic
equations that are solved by Matlab7 [30] matrix inverse techniques. The convergence criteria for
all variable are set to the default used in Matlab matrix inverse algorithm which is 1·10–15.Ag r i d
refinement procedure has been performed through numerical experimentations and reported in
tab. 1. As shown in tab. 1, the optimum choice is found to be DX = 0.0001 and DY = 0.005.
Results and discussion
The present problem is solved by means of an implicit finite difference scheme over a
2-D mesh which consists of the independent variables, X and Y. The adopted scheme is dis-
cussed in more detail by Hamdan et al. [25]. In order to examine the validity of this study, sev-
eral investigation strategies areemployed.First,acomputerrun ismadewith ahigh value ofthe
Darcy number, Da  , and a very low value of the microscopic inertial coefficient, A = 0. The
result of this run is so close to our knowledge of the clear flow between two-parallel plate ducts.
Second, the numerical solution velocity profile for flow between two-parallel-plate channel
filled with porous media using Brinkman-Darcy model (Da = 0.01 and A = 0) is compared with
Poulikakos and Kazmierczak [13] which shows excellent agreement as shown in fig. 2(a). The
value of Nusselt number at the isothermal walls of parallel-plate duct is shown in fig. 2(b) and
compared to literature which reports for fully developed a Nusselt value of 7.54 for clear duct
[31]and9.87foraductfilledwithporousmediausingBrinkman-DarcymodelwithDa0and
A = 0 [32].
The results obtained in this study have been computed using the following operating
and design parameters: Pr= 0.72, kR =1 ,mR =1 ,rR =1 ,R e=2 Ui = 200. The experimental work
by Kim et al. [23] generally agrees with the correlation suggested by Beavers and Sparrow [33]
which represents an attempt to develop a correlations for friction factors (f) and Nusselt number
(Nu) for the aluminum foams. This study proposes a general friction factor (f) correlation for
fullyporouschannelwithknownvalueofDarcyandForchheimernumber.Thefollowingcorre-
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while the Forchheimer term is the one forcing the problem to be non-linear for the fully devel-
opedsteadystateflow.Hence,thefollowingempiricalfrictionfactorcorrelationwithmaximum
5.4% deviation for 100 < Re < 2000 is suggested:
fA   96 845 50 0 961
Re
.
Re
. .
Da
(7)
The first term represents the friction factor due to wall shear force (f1 = 96/Re), the
second term (f2 = 8.45/DaRe) represents Darcy friction portion, and third term represents
Forchheimer friction part due to the second order velocity, (f3 = 5.0A0.961).
To get a correlation of Nusselt number for flow between isothermal parallel plate the
Nusselt number is calculated using the developed computation model for different value of
Darcy number, Forchheimer number, and Reynolds number. The following empirical Nusselt
number correlation with maximum 3.1% deviation for 100 < Re < 2000 is suggested:
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The deviation in the correlation was calculated with respect to the CFD results and were
calculatedforfrictionfactorasDeviation=|fCorrelation–f CFD|/fCFD andforNusseltnumberasDevia-
tion = |NuCorrelation –N u CFD|/NuCFD .The Nusselt number correlation approaches clear isothermal
clear parallel plate channel Nusselt number value of 7.54 for Da  , A 0, and k  1. The sec-
ond term in eq. (8) is due to Darcy effect which does not depend on Reynolds number. Such be-
havior agrees with earlier work where only Daryc-Brickman model is imposed, such as the work
of Poulikakos and Kazmierczak [13]. Poulikakos and Kazmierczak [13] reported that Reynolds
hasnoteffectonNusseltnumberforlaminarfullydevelopedsteady-stateflow.Howeverasinertia
effect increases, the Forchheimer coefficient effect become more pronounce. Hence, for
Forchheimer-Brinkman-Darcy model, Reynolds number has moderate effect on Nusselt number
as shown in the third term in eq. (8) and hence Reynolds number appeared in the third term with
small power value of 0.04. Such behavior also agrees with earlier work done by Kim et al. [23]
whom proposed an empirical Nusselt number correlation from aluminum foam materials.
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Figure 2. Validation study results; (a) the fully developed velocity profile for Da = 0.01 and A =0 ,a n d
(b) local Nusselt number for clear duct and fully filled with porous media with Da  0 and A =0The correlations (7) and (8) are assessed against the numerical analysis for different
values of Darcy and Forchheimer coefficient and the results are presented in figs. 3 to 6. As
shown in fig. 3, as Darcy number increases the friction coefficient decreases and reaches to as-
ymptotic value depending on the Forchheimer coefficient. Also Nusselt number will decrease
with the increase of Darcy number and reach asymptotic value depending on the Forchheimer
coefficient. From Darcy definition as permeability decrease Darcy number decreases forcing
faster flow to pass next to the wall and hence enhances the heat transfer and increase Nusselt
number.
The opposite trend is expected for Forchheimer coefficient friction factors as shown
in fig. 4 nevertheless with higher order effect since as shown in eq. (2) the Forchheimer coeffi-
cient is related to the second order of velocity. The Forchheimer coefficient has been investi-
gated by different scientist and many relations have been developed based on porous cavity
shapes. As shown in fig. 4(a), as Forchheimer coefficient increase the friction factor increase.
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Figure 3. The effect of Darcy number for Re = 200 on (a) friction factor and (b) Nusselt number
Figure4.TheeffectofForchheimercoefficientforRe=200on(a)frictionfactorand(b)NusseltnumberFrom fig. 5(a), it is clear that as Reynolds number increases the friction factor de-
creases since the effect of shear to inertia forces decreases with the increase in Reynolds num-
ber. However for high Forchheimer coefficient, the friction factor asymptotic value as low
Reynolds numberwhich meanthat inertia forcesismorepronounce effectand that Forchheimer
coefficient is more related to pressure drag. As shown in fig. 5(b) (CFD results), the Reynolds
number has no effect on Nusselt number when Forchheimer coefficient is very small. While for
high Forchheimer coefficient, the effect of Reynolds number on Nusselt number is more pro-
nounced.
Thiscanbeexplained thatDarcynumberisrelatedtofrictiondragwhileForchheimercoef-
ficient isrelated topressuredrag. HencewhenDarcynumberisthe dominating factorcompared
to Forchheimer coefficient, then the flow be-
have as internal fully developed flow where
Nusslet number is expected to be independent
of Reynolds number for laminar flow. However
when Forchheimer coefficient is the dominated
factor compared to Nusslet number, it is ex-
pected that the flow behave more likely as ex-
ternalflowwhereinertiaforcesbecomesimpor-
tant and hence Nusselt number is highly
dependent on Reynolds number.
Finally in fig. 6, as expected the relative
thermal conductivity have direct effect on
Nusselt number and as relative thermal conduc-
tivity increases the Nusselt number increases
linearly as shown in fig. 6 and as indicated in
eq. (8).
Conclusions
A numerical investigation on the flow
and convective heat transfer characteristics for
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Figure 5. The effect of Reynolds number for different values of Darcy number and Forchheimer
coefficient on (a) friction factor, and (b) Nusselt number
Figure6.Theeffectofthermalconductivityratio
on Nusselt number for Re = 200, Da = 0.01,
and A =1isothermal parallel plate channel filled with porous media has been performed. The following
conclusion can be stated.
 Friction factor and Nusselt number for flow between isothermal walls of parallel-plate duct
can be described using simple empirical correlations that depend on Darcy number and
Forchheimer coefficient and is suggested by this study.
 Darcy friction term is directly related to friction drag inside the porous matrix. So as Darcy
decrease then permeability decrease which is highly dominated by increase in surface area
and hence by friction drag.
 Forchheimer friction term is directly related to pressure drag inside the porous matrix. So as
Forchheimer coefficient is highly dominated by frontal and blockage area and hence by
pressure drag.
 For porous media that consists of straight holes, one expects that friction drag is the
dominated force and hence Darcy number plays the main role in describing friction factor.
 For porous media that consists of spherical hole and many blockage areas, one expects that
pressure drag force is the dominated force and hence Forchheimer coefficient plays a role in
describing friction factor.
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Nomenclature
A – microscopic inertial or form drag
– coefficient, ((= eFb/rR(K)
1/2)), [–]
B – dimensionless channel height,
– (= b/b = 1), [–]
b – dimensional channel height, [m]
C1 – specific heat constant of the fluid,
– [kJkg
–1K
–1]
Da – Darcy number, (= K/b
2), [–]
Dh – hydraulic diameter, (= 2b),[m]
d – dimensional pore diameter, [m]
F – Forchheimer coefficient
– ((= 1.8)/(180e
5)), [–]
f – friction factor, (= 2t/ru
2), [–]
f1 – friction factor component due to wall, [–]
f2 – friction factor due to Darcy effect, [–]
f3 – frictionfactorduetoForchheimereffect,[–]
h – local heat transfer coefficient, [Wm
–2K
–1]
K – permeability of the porous substrate, [m
–2]
k1 – thermal conductivity of the fluid,
– [Wm
–1K
–1]
k2 – thermal conductivity of porous domain
– [= kfe + ks(1 – e)], [Wm
–1K
–1]
k – thermal conductivity ratio, (= k2b/k1), [–]
m – number of grid in X-direction, [–]
Nu – local Nusselt number (= h2b/k1), [–]
n – number of grid in Y-direction, [–]
P – dimensionless pressure, (= pb
2/r1n1
2), [–]
Pe* – modified Peclet number (= Uid
2/Dha), [–]
Pr – Prandtlnumberofthefluid,(=C1m1/k1),[–]
p – pressure, [Pa]
T – temperature, [K]
TCM – mixing cup temperature
– [= Cu T y
y
2222 0 r d 
 /(C2r1Uiy)], [K]
U – dimensionless volume averaged axial
– velocity (= uB/n1), [–]
u – axial velocity, [ms
–1]
 – transverse velocity, [ms
–1]
V – dimensionless transverse velocity
– (= ub/n1), [–]
X – dimensionlessaxialco-ordinate(=x/b),[–]
x – dimensional axial co-ordinate, [m]
Y – dimensionless transverse co-ordinate
– (= y/b), [–]
y – dimensional transverse co-ordinate, [m]
Greek symbols
a – thermal diffusivity (= kr/C), [m
2s
–1]
D – increment in numerical mesh network
– space
e – porosity, [–]
q – dimensionless temperature
– [= (T – Ti)/(Tw – Ti)], [–]
qMC – dimensionless mixing cup temperature
– [= (TMC – Ti)/(Tw – Ti)], [–]
m – dynamic viscosity, [Pa·s]
n – kinematics viscosity, [m
2s
–1]
r – density, [kgm
–3]
t – shear, [Nm
–2]
Subscripts
1 – fluid domain property
2 – porous domain property
MC – mixing cup
i – inlet
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